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IN A 16-INCH-DIAMETER RA"JET E N G m  

By E.  E. Dangle and William R. Berslake 

The combustion efficiency of gaseous hydrogen fue l  was determined 
i n  a 16-inch-diameter ram-jet engine i n  a connected-pipe test f a c i l i t y .  
Operating  conditions simulated Mach zlumbers of 2.5 and 3.0 at a l t i tudes  
of 51,000 t o  66,000 feet and 63,000 t o  89,000 feet, respectively. Com- 
bustor  modifications  included two fuel-injector  designs,  several combus- 

ciencies were measured by three techniques: a heat  balance after adding 

pressure measurements at the exit of  a choked convergent  exhaust  nozzle. 
The agreement among the   three methods was reasonably good. 

.'I tor  lengths, and tests with and without  flmeholders. Combustion effi-  

t quench water, direct temperature measurement by thermocouples,  and total-  

A codustor   length of only 16 inches gave conibustion eff ic iencies  
of 90 percent  or  greater  for  equivalence ratios from 0.5 t o  stoichio- 
metric. The engine  started at pressures as l o w  as 7 inches of  mercury 
absolute and ran very smoothly a t  all operating  conditions. 

INTROIUCTION 

The analytical   investigations of references 1 and 2 have shown t h a t  
the  high  heating  value of hydrogen  and its s t a l e  burning  quality over 
wide ranges of pressure a d  fue l -a i r   ra t io  make hydrogen a desirable 
fue l  f o r  long-range  high-altitude ram-jet application. Furthermore, t he  
refrigerant  capacity of liquid hydrogen malres it p r t i c u l a r l y   a t t r a c t i v e  
88 a coolant  for  high-speed  fllght  application. . 

The high flame  speeds  associated  with hydrogen indicate   the proba- 
b i l i t y  of high combustion efficiencies dong wtth  high  heit-release 
rates. This, in   tu rn ,  w o u l d  indicate that the conbustor  designed t o  
burn hydrogen could  be  considerably  shorter  than a hydrocarbon conkustor 

cause so little information is available on the  cofiustion  characteris- 
t ics of hydrogen under conditions similar to  those  encountered  in an 

L and s t i l l  operate  with high, i f  not higher, combustion efficiency. Be- 

I 
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actual ram-jet conibustor, an investigation was made t o  evaluate  the com- 
bustion  efficiency of gaseous-hydrogen i n  8 ram-jet conibustor and t o  
establish a combustor design for  further  study i n  a supersonic  tunnel 
fac i l i ty .  

" 

The following  conditions were investigated  with a 16-inch-diameter 
ram-jet  engine i n  a connected-pipe fac i l i ty :  combustor inlet  pressure 
of 13 t o  50 inches mercury absolute;  inlet  velocity of 110 t o  340 f ee t  
per second  based on a 16-inch-diameter crms section;  inlet air tempera- cu 
tures of 120°, 230°, and 640' F. The two lower  temperatures  correspond 
t o  conditions i n  a particular  supersonic wind tunnel at Mach numbera of 3 
2.5 and 3.0, respectively. The highest  temperature s i d a t e s  a f l i gh t  
Mach number of 3.0 above the  tropopause. 

Engine instal la t ion.  - The instal la t ion of the  16-inch-diameter 
ram-jet engine i p .  the pip-e f a c i l i t y  is shown- in figure 1. The combustor 
length,  varied  during  the  test program, was measured from the  fuel-  
injector  tubes  to  ei ther a quench water  spray  or  the  throat of a conver- 
gent  exhaust  nozzle. The engine w a s  mounted i n  a connected-plpe setup 
and exhausted  through an ejector system. Air f l o w  to   the  engine was 
controlled  by a butlferfly  valve  upstream of the  engine and was metered 
by  an or i f ice  lrr the  supply  line. The in l e t .  air was- heated t o  120° o r  
230° F by a gas-fired  heat exchanger, and t o  640° F by a C O m b U E t O r  placed 
d i rec t ly   in   the   a i r   l ine .  The air contained conibustion products 0 t o  8 
percent  by  weight as a result of putting  the combustor (assumed 100- 
percent  efficient)   in  the air line; oxygen concentration  varied from 23 
t o  2 1  percent  by w e i g h t .  The rem-jet-engine  exhaust  gases w e r e  cooled 
i n  a calorimeter  consisting  of a water-spray quench section and water- 
cooled outlet  duct. The result ing gas and steam temperatures w e r e  
measured. . .  

_ I  

a 

- 

Fuel-injection system. - The hydrogen Fuel wa8 supplied in  cylinders 
with total   capaci t ies  of 420 pounds of hydrogen and gas  pressure of 2400 
pounds per  square  inch gage. The fuel was taken  directly from the  Cylin- 
ders through pressure  reducing valves,  a metering  orifice, and a throt-  
t l i n g  valve to   t he  engine. Gas analysis  of  the hydrogen indicated it 
was  more than 99 percent pure. 

Two fuel-injector  designs were used in  the  investigation. The f b a t  
fuel  injector  consisted of three  concentric  rings d t h  six supply struts. 
The rings were spli t   into  six  equal  sectors,  and a t o t a l  of  432 injection 
holes, 0.055 inch  in  diameter, were dr i l led  &g shown i n  the  sector   in  
figure 2(a). Nine-tenths  of the fuel sprayed cross stream, while  the 
remainder  sprayed downstream. 
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The second fuel  injector  consisted of 1 2  radial spray bars equally 
spaced around the confbustor. Figure 2(b) shows  one of these spray bars. 
Each bar contained 14, 3/32-inch-diameter fuel  orifices  spraying  cross 
stream and located at centers of equal duct  areas. 3ydrogen f low was 
choked at the injection  holes of both  injectors over the   en t i re   fue l  flow 
range. . .  

Engine configurations. - Changes in   the  centerbody  design, fuel   in-  
jectors,  flameholders, burner length, and exhaust  nozzle  area  resulted 
i n  the  following engine  configuratio& : 

Combustor 
components 

Centerbody &si@ 

Fuel in jec tors  

Flamehalder 

Exhaust-nozzle 
area and couibus- 
t o r   l eng th  (com- 
bustor  length 
defined 88 dis- 
tance from fuel 
i n j e c t o r s   t o  
w a t e r  sprays, un- 
less otherxise 
specif ied)  

T 
A 

Englue  configurations 

3 concentric-ring 
injectors (fig.  
2(a)) blocking 17 
percent of engine 
open area 

No flameholder 

(a) 0.5 nozzle 
(11.3-inch- 
diameter) j conibus - 
tor  length,  26 
inches  (fuel b- 
j e c t o r s   t o  
thermocouples ) 

(b) 1.0 nozzle (16- 
inch-diameter); 
conibustor length, 
28 inches 

(e) 1.0 nozzle (16- 
inch-diameter) J 

combustor length, 
16 inches 

B 

Tapered t o  a 2-inch- 
diBJfEter StUb-bper 
at 25O angle  (fig. 
3(b) 1 

12 radial in jec tors  
(fig. 2(b) )   b locgiw 
10 percent  of  engine 
open area 

6 radial V-Wtters 

ing 20 percent of - 
engine open area, 
used on ly  i n  run 10; 
remaining runs with- 
out  flameholders 

( f ig .  Z(C) ) 2 block- 

(a) 0.5 nozzle 
(u. 3-inch- 
diameter);  combustor 
length, 36 inches 
(fuel i n j e c t o r s   t a  
thermocouples) 

(b) 1.0 nozzle (16- 
inch-diameter ) j com- 
bustor length, 44 
inches 

C 

A 1/6-sectar of mnfigu- 
ra t ion  A (5/6 of config- 
urat ion A blocked-off) . 
Engine  centerbody  served 
88 bottom wall to 1/6- 
sector  (f ig.  3(c)) 

3 concentric-ring in- 
jec tors   ( f ig .   2 (a) )  
blocking 17 percent  of 
sector  open area 

No flameholder 

No exit r e e t r i c t i a m ;  
canibustor  length, 26 
inches  ( fuel   in jectors  
to thermocorrples) 
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Instrumentation:- A water-cooled  tot&-pressure  rake wa8 located 
so that  the  pressure  tubes  were  in  the  plane of the  engine  exhaust noz- 
zle  throat.  The  rake  cohsisted of 15 total-pressure  tubes  located  in 
the  centers of 7 equal  areas.  Pressures  from  the  rake  were  measured 
with a strain-gage  pressure  transducer  and  recorded on a moving  strip 
chart.  Static  pressure  was  measured  at  the  throat of the  nozzle  and 1 
inch  downstream of the  nozzle  at  the  16-inch-diameter wall. The  combus- 
tor  inlet  static  pressure was measured  where  the  centerbody  was 8 inches 
in  diameter  for  configuration A, and 7 inches  in  diameter f o r  configu- 
ration B. 

Bare-wire cbromel-alumel thermocouples  were  located  1/4-inch dam- 
stream of the  plane of the  engine exhaust nozzIe  t-hroat.  Direct  temper- 
ature  measurements  were made with 16, =,.and 44 thermocouples. For 
those runs in  which 16 thermocouples  were wed, only one  quadrant  of  the 
exhaust  nozzle was instrumented;  when 34 and 44 thermocouples  were  uti- 
lized,  the  entire nozzle was uniformly instrumented. The heat-balance 
thermocouple  st&,ion was located 24 feet  downstream of the  engine  ex- 
haust  nozzle.  This  thermocouple  station  consisted of 16 thermocouples 
located  in  the  centers  of  equal  areas across-the 24-inch-diameter  ex- 
haust  duct. . . . . . . . .  . .  

rl 
cu 
m 
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PROCEDURE I 

Operating  conditions. - The  following  table  indicates  the  range of 
combustor inlet  conditions over which  the  engine was operated  and  the 
corresponding  simulated  flight  conditions. 

Inlet-air  static  pressure, 23 to 45 13 to 45 20 to 45 
. . - - . -. . - ." " "e 

in. Hg abs 

Inlet-air  temperature, OF 

0.214 to 0.220 to 0.171 to Inlet  Mach  auriber 

640 239* 12o* 
. ~ .  . . . . .  - -. .. 

0.094 0.115 0.070 

Simulated  flight  Mach  number 

89,000 to 80,000 to 66,000 to Simulated  flight  altitude, ft 

3.0  3.0 2.5 

51,000. 63,000 63,000 * Maxirmun temperature  for  supersonic wfnd tunnel  at  corre- 
." 

sponding  Mach  number. . 
Air mass flow was set  at  15.2 poUnds per- secona  .corresponding  to  critfcal 
air f low in  the 16-inch engine at a wind tunnel  condition of Mach  number 

.I 
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3.0 and a l t i tude  72,000 fee t .  Because of the  limited  capacity of t he  
exhaust system, the engine air mass flow was reduced t o  7.6 pounds per 
second f o r  the  low-pressure tests. The exhausting  ejectors were run at 
full capacity t o  obtain  the minimum combustor pressure  for each data 
point. 

Combustion efficiencies.  - Three techniques  for  obtaining conibustion 
efficiency were concurrently  used i n  most of the  runs. The engine w a s  

. w  * co started at  lean  equivalence ratios, and the  equivalence  ratio was then 
increased in   s teps  t o  the  maxim equivalence r a t i o .  Equivalence r a t i o  
is  the  metered fuel-air  r a t i o  divided by the  stoichionietric  fuel-air 
r a t i o  of 0.0294 f o r  hydrogen and air. The engine w a s  operated at each 
equivalence r a t i o  w h i l e  data f o r  8u three methods o f  instrumentation 
were taken. The three methods  employed were heat  balance  (calorimeter), 
d i rect  temperature, and t o t a l  pressure. 

G 

The heat-balance  system is  similar t o   t h e  method outlined i n  refer- 
ence 3. Combustion efficiency is  defined as t h e   r a t i o  of the  enthalpy 
change of fuel, air, qpench water, and engine  cooling w a t e r  to   the  theo-  
r e t i c a l  lower heating  value of the gaseous fuel (51,571 Btu/lb) . This 
method was eqployed  throughout the  entire  equivalence-ratio  range. 

Direct  temperature measurements of the  exhaust  gases were made up 
t o  equivalence  ratios of approximately 0.35, at which point  the thermo- 
couples began burniw  out. From the  averaged,  corrected, t o t a l  temper- 
atures at the  nozzle  throat (see appendix), the  enthalpy of  t he  exhaust 
products was determined from a plot  of conibustion temperature  against 
equivalence  ratio. Combustion efficiency was then  defined as the  r a t i o  
of the  enthalpy of t he  exhaust  products to   the   theore t ica l  lower heating 
value of t he  gaseous fuel. 

Total  pressures, measured a t  the  t h r o a t  of a choked nozzle, w e r e  
used to   ca lcu la te  a t o t a l  temperature (see appendix), and the  conibustion 
efficiency was determined as  with  the  total-temperature method. The 
total-pressure method was employed only with  the 0.5 area exhaust  nozzle 
and then  only when t h i s  nozzle was choked.  The nozzle w a s  assumed choked 
when the  exhaust-nozzle  pressure r a t i o  was 2.15 and greater. This lower 
limit f o r  the  nozzle  pressure r a t i o  is  taken from reference 4. 

The perf oIpl&z1ces of  the three configurations f o r  all operating con- 
di t ions  are  summarized i n  table I. In general,  the conibustion eff ic ien-  
c ies  of the  three  configurations were 90 percent o r  greater in   the   h igher  
equivalence-ratio  regions (0.4 t o  1.0); i n  the lean regions (0.4 and 
lower) the  efficiencies f e l l  o f f  and i n  some cases  rather  rapidly. The 
combustion efficiencies determined from the  three methods of  instrumenta- 
tion  (heat  balance, thermocouple,  and total   pressure)  are also presented 
in  table I and are generally in good agreement. 
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Eflect  of  Inlet  Parameters and Design Variables 

on Combustion Efficiencies 

Effect o f  temperature. - For equivalence-ratios- of 0.5 and greater, 
. . . . . ". . 

a change in  inlet-air  temperature from 230' t o  640' F had no effect  on 
t h e  combustion efficiencies of configuration A (fig.  4(a)) .  A 95-percent 
conibustion-efficiency l e v e l  was maintained from equivalence  ratios of 0.5 
t o  0.9. However, at the  lean  equivalence"ratio6,  the  curve  for 230' F 
f e l l  o f f  more rapidly  than the  one fo r  640' F. 

The e f f e c t   o t i n l e t - a i r  temperature on configk-ation A was somewhat 
obscured by a change i n  the distance of f u e l  spray t o  water quench which 
coincided.with the change in  a i r  temperature. Data taken wi th  230' F " 
inlet  air were obtained with a =-inch combustor length, whereaa those 
for  640' F were with a 28-inch co~ribustor length. The distance between 
the  fuel   in jectors  and the thermocouples r d n e d  constant. The combus- 
t ion  efficiencies determined from the direct  thermocouple measurements 
were i n  agreement with the  heat-balance  efficiencies, which indfcates 
t h a t  the conibustor .length had no- effect  on the heat-balance efficiencies 
because combustion was essentially complete at the thermocouple station. 

Figure 4(b) is a compclrison of the conibustion e f f idenc ie s  of con- 
figuration B with 120°, 230°, and 640' F inlet-air temperatures. No - 

effect  af  inlet-& temperature is  apparent. The peak efficiency of the 
curve faired through the data points was 94 percent a t  equivalence  ratios 
of  0.5 t o  0.7. There w a s  a s m a l l  drop at rich operation, however, and the 
fall-off  in  efficiency  for  lean  operation was sh i f ted   to  an equivalence 
r a t io  of 0.3. Configuration €3 had a combustor length of 44 inches. 

Effect of pressure. - The effect of combustor inlet-air pressure on 
the  conitustion  efficiency of configuration A is  shown i n  figure 5(a). 
For equivalence  ratios above 0.7, the  efficiency  for  inlet  pressures from 
13.2 ta 22.6 inches of mercury absolute (run 7) i s  about 3 percent less 
than the  efficiency f o r  pressures f r o m  28.8 t a  50.5  inches of  mercury 
absolute (run 2) .  Below 0.7 equivalence  ratio,  efficiency  at  the lower 
pressures drops o f f  ragidly but has a pecul iar   r ise  below 0.3 equivalence 
rat io .  This unusud r i s e  i n  combustion efficiency  could be due t o  in- 
strument error but is corroborated  by  both  the  heat-balance  efficienciee 
and the  direct-temperature  efficiencies. Similar rises in   the   l ean  range 
were also  noted  in the data of rum 3, 4, and 6..-The conibustor length 
f o r  the pressure  investigation was 28 inches,  and-burner  inlet  velocities 
ranged between 340 t o  184 feet per second for  both  high-presme and lm- 
pressure  operation. It was possible t o  maintain aM1a.r  couibustor-inlet 
velocities at the two pressure levels by varying the &ir flow t o  the 
engine. 

Figure  5(b) compares configur&tion B at two combustor pressure 
leveU, 25 t o  45.7 inches  of mercury absolute f o r  high-pressure  operation 

" 

(u 
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and 19.9 t o  38.6 inches of  mercury &solute for low-pressure  operation. 
There was no effect  of pressure on the  combustion eff ic iency  in   the range 
investigated. Runs 4 and 8 had the same air flow, but run 8 had a lower 
pressure  range  because  the 1.0 engine  exhaust  nozzle was used. 

Owing to  the  limited  exhaust  capacity of the test  f ac i l i t y ,  a fur ther  
decrease i n  co&ustor  pressure  could be achieved only  by  reducing conibus- 
tor  cross-sectional area and air flow.  Accordingly, a 1/6-sector of con- 
figuration A, designated  configuration C, was tested. The ccenbustion 
efficiency of configuration C (fig.   5(c)) i s  based on direct-thermocouple 
measurement only. No heat-balance  data are presented  because  equilibripn 
temperatures c d d  not be established  in  the  calorimeter  section  wfth  the 
reduced ma~s flows and velocities. The data indicate  that   the combustion 
efficiency of the  1/6-sector at pressures  of  9.2 t o  11.4 inches  of mer- 
cury  absolute w a s  18 t o  6 percent  lower  than  configuration A at pressures 
of 23 t o  45 inches of m e r c u r y  absolute. However, the  sector  data are un- 
corrected  for  heat loss to   the  burner  w a l l s  whlch, when accounted  for, 
would probably  increase-.the conibustion efficiency  another 6 percent.  In 
view of these results, it appems tha t  decreased  pressures  resulted i n  
little decrease i n  conibustion efficiencies up t o  an  equivalence r a t i o  of 
0.3. " 

Effect of flameholder. - Figure  6 is a plot  of the conibustlon effl- 
ciency of configuration B with a radial V-gutter  flameholder (run 10) and 
without a flameholder  (run 4) .  There w a s  little improvement i n   t h e  com- 
bustion  efficiency when using the  flameholder  and the  efficiency was even 
slightly  decreased in  the  lean  region. In the  r ich  region,  the combus- 
t ion  efficiencies  for  the  coWustor  with a flameholder w e r e  slightly 
higher  than  the combustor eff ic iencies   for   the cmb.ustor  without a fleme- 
holder. "he flameholder was probably  not a flameholding  device at all, 
but  rather a w e a k  turbulence  generator. The hydrogen possibly  did  not 
penetrate far enough to   be  caught in   the  recirculat ion zone of  the  
V - g u t t e r .  A section of one of  the  concentric  tubes of  configuration A 
w a s  run i n  a s d l  test  r i g  at similar conditions t o   t h e  16-inch  engine. 
Sodium bicarbonate  dust was introduced  upstream of the  fuel spray tube 
and the now-luminous flame was observed  through a window. Flame seated 
at each  of the  injection  holes  in  the  fuel  spray  tube,  but  penetrated 
less than 1/8 inch  into  the air stream after flowing 1 inch downstream. 

A flameholder in the  usual sense was not needed t o  burn hydrogen at 
the  pressures  encountered i n   t h e  test program, since  the fuel burned 
direct ly  from the  fuel spray  tubes. S o m e  type of  flame-promoting  device 
might be used upstream of the fuel in jec tors   to  increase fuel-sir mixing, 
but   this   increase  in  blockage might be used to:better advantage by in- 
creasing the  nurdber of  fuel  iaectors.  Configuration A k s  not tested 
with a flameholder. 
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Effect of combustor length. - Conibustion efficiencies  are  plotted 
in   f igure  7 for  configuration A w i t h  a 16-inch combustor length (fuel 
spray  tubes t o  w a t e r  quench). The w a t e r  quench spray was approximately 
at the end of the  cone diffuser. The lower  pressuFe range (13.2 t o  24.0 
in.  Hg &e) was chosen t o  hapose severe combustor condition. The meas- 
ured combustion eff ic iencies   for   the 16-inch  length (maximum of 96 per- 
cent} were s l igh t ly  higher than  or  equal t o  those wi th  the 28-inch com- 
bustor  length.  Configuration B was not  tested w i t h  different combustor 
lengths. 

In some ram-jet engine nomenc1ature;the couibustion chamber is  de- 
f inebas  the  dis tance from the end of the.  diffuser t o  the  entrance of  
the exhaust  nozzle. In  configuration A, the  diffuser ends at the  begin- 
ning  of  the  convergent  nozzle,  thereby making it a zero-length conibustor. 

rl 
cu 

w 

Temperature profiles.  - The temperature  profiles at the exhaust- 
nozzle  throat,  uncorrected  for  radiation and recovery  errors, are shown 
i n  figure .8. Profiles were drawn at  2100' F and  every 3ooo F lower. The 
temperature prof i les  are plotted  for  configurations A and B and f o r  two 
inlet-air  temperatures with configuration A. The equivalence  ratios were 
approximately 0.31 and the combustor length ( fuel   spray  to  thermocouples) 
was 26 inches f o r  A and 36 inches f o r  B. Configuration.B  demonstrated a 
hotter  core  than  conf'iguration A. Increasing the inlet-air temperature 
from 230° ( f ig .   8 (a) )   to  640° F (fig.   8(c)) resulted i n  a m o r e  uniform 
outlet   prof i le  . 

R 

J 

-. 

Configuration B was the  first configuration tested, and configura- 
t ion A, the  result of applying  certain  design  principles  learned from 
configuration B, designed t o  give  better  dlstribution of the  fuel 
with the  entering air and thereby a more uniform outlet  temperature. 
The fuel was injected  farther upstream in  the  annular axea where the ve- 
locity  profile.was.more uniform. The prof i le  at the end of the  diffuser 
or  fuel-injection  station  for  confi'guration B was irregular  because of 
the sharp 25' diffuser  angle coupled  with the  higher  blockage at the 
center  of  the  spoke-design fuel i a e c t o r s .  A t  the 8ame time, configura- 
t ion A increased  the number of injection  holes, which a lso  improved t h e  
fuel  distribution.  Figures 8(a) and (b) show the improvement in   the tem- 
perature  profile at the engine  exhaust  nozzle as a resu l t  of  these  design 
changes. 

To show the temperature spread i n  another way, a mean average tern-- 
perature  spread ATm was calculated and i s  plotted  against  equivalence 
r a t io   i n   f i gu re  9. 

. . " 

.. 

I N=N 

N = l  
C I T a v  - TT.C.I 

ATm = N 
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where 

TT. c. individual thermocouple r eadhg  

Tav arithmetical  average of N thermocouple  readings 

Configuration A consistently had l e s s  spread  than  configuration B, 
gasticularly  at  higher  equivalence  ratios. 

Comparison  Between  Methods  of Determining Efficiency 

. 
I 

In  f igures 4 t o  7, it i s  evident  that  reasonably goad agreement 
existed among the  efficiencies determined from the three methods of meas- 
urements. The  maximum difference between the  heat-balance and the  ther- 
mocouple efficiencies w a s  approximately 8 percent, and the maximum dif- 
ference between the  heat-balance and the  total-pressure method was 
approximately 11 percent.  Efficiencies determined. from direct  thermo- 
couple and total-pressure measurements were generally higher than  the 
heat-balance  efficiencies,  indicating that the  conbustion  process was 
essentially completed  by the t i m e  the  gases  reached  the thermocouple and 
pressure-rake  stations. 

The heat  balance is probably  the most accurately  determined combus- 
t ion  efficiency of a l l  the methods. It is a measure  of the chemical heat 
released, however, and not  that  heat  necessarily  available f o r  propulsive 
energy. 

Ignition  Charaxteristlcs 

Startin&. - Ignition was successful  with a spark at all conditions 
encountered with the  avai lable   faci l i t ies .  Heat addition was noted in 
the  engine  before a measureable f u e l  flow w a s  reached. The following 
table  contains  the most severe (lowest pressure,  highest  velocity) in- 
l e t  conditions a t  w h i c h  the engine was started. 

config- 
uration 

Pressure,  Temperature,  Velocity, Minimum 
in. Hg OF f t /sec measurable 

equivalence 
r a t i o  

0.020 

18.6 .020 
7.1 230 130 
8.8 230 166 

I 
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General  operation. - The engine  started  very smoothly with no in- 
crease i n  noise. Pressure and temperature  instrumentation were needed 
t o  determine  whether colllbustion was taking  place. No roughness or in- 
s t ab i l i t y  was encountered at any equivalence r a t i o  o r  at any pressure 
over  the  range of 9.2 t o  50.0 fnches of mercury absolute.  Burning was 
sustained from the minimum measurable fue l  flow t o  1.3 equivalence  ratio. 
The uncooled  centerbody  taper,  extending beyond the  fuel  spray  tubes  in 
configuration A, showed no damage except  heat  discoloration after 90 
minutes  of  operation. 01 

M 
$ 

SUMMARY OF RESULTS 

.. 

The following results w e r e  obtained from the combustion of gaseous 
hydrogen fuel i n  a 16-inch-diameter ram-jet engine for  a range  of i n l e t -  
air pressures of 9 to 50 inches of m e r c u r y  absolute,  velocities of 340 
t o  110 feet   per second, and temperatures of 120°, 230°, and 640’  F: 

1. Hydrogen was burned  with  a maximum of 96 percent  efficiency i n  a 
16-inch conibustor length  with no flameholder, and at a combustor i n l e t  
pressure of 2 1  inches of mercury absolute. M 

2. Hydrogen demonstrated no combustion limits o r   i n s t ab i l i t i e s  when 
I 

no flameholders were used  over a pressure  range of 9 t o  50 inches of  
mercury absolute and equivalence r a t io s  of 0.08 t o  1.30. 

3. The hydrogen conibustor ignited at pressures as law as 7 inches 
of mercury absolute  with spark ignition, no flEunebolder, inlet velocity 
of 130 feet  per second, and air temperawe of 230° F. 

Lewis Flight Propulsion Laboratory 
National  Advisory Committee for  Aeronmtics 

Cleveland, Ohio, October 26, 1955 
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A 

cF 

g 

AH 

M 

N 

P 

Pt 

R 

aT, 

N R  

T 

'T.C. 

T t  

W 

wa 

Wf 

cp 

Y 

% 

APPEXlDIX - DATA FEDUCTION METHODS 

SYMBOIS 

mea,  sq f t  

mea f l o w  coefficient 

acceleration of gravity, 32.2 f%/sec2 

enthalpy rise of extmmt products, B ~ U / D  air 

Mach nmiber 

nmiber of thermocouples 

static  pressure,  in.  Hg ab8 

t o t a l  pressure,  in. Hg abs 

gas constant, ft/% 
mean temperature  deviation, 9 

radiation error ,  ?F 

s t a t i c  temperature, 3 
temperature measured by thermocouple, ?R 

t o t a l  temperature, OR 

weight flow 

weight flow of air, vit ia ted or  nonvitiated, lb/hr 

weight f low of fuel, lb/hr 

equivalence r a t i o  

r a t i o  of specific  heats 

combustion efficiency,  percent 
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-. 
Subscripts : 

n nozzle  exit - 
t total .. - 

K weighted 

Direct-thermocouple codmstion efficiency. - The  thermocouple read- 
ings  were  corrected  for  radiation and recovery  errors as outlined  in l-i 
reference 5. The  conduction loss was assumed negligible  for an uncooled rn 
stern. The  wire  calibration w a s  neglected  because  the  thermocouples were 
burned  out  in  each run. A wire  emissivity of 0.8, a wire  diameter of 
0.020 inch, a nonluminous  flame-,  and a low duct-wall  temperature  were 
used in  the  general  radiation-error  equation  to  obtain  the  working 
e quat i on 

cu 
0, 

. - .  . . . . . . - . . . . . . - . - . . . . - - - . . " - . . . . . - . - 

3.82 
A!TR a 0.557 (m) * L C .  1 

1 

The  approximation signis used  because the analysis is for a wire  cylin- 
der  instead  of  the  short  twisted  thermocouple  junction  that w a a  actually . - 
ueed.  Radiation  errors  were  about: ZOOo F for a reading of 2300° F, 
120° F for a reading of 2000' F, and 20' F for a reading of 1000° F. 

The  recovery  error  is  that  fraction of.the  total  temperature  not 
recovered by a thermocouple  wire  and  is a Rsnction of Mach  number. A 
value  for  tke  recovery  error was picked  off  the  experimental  curve  shown 
here : 

0 
Stream Wch number 
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To mass-weight the thermocouples, the  following assumptions  were 
made : 

1. Static  pressure w a s  constant  across  the  plane of the thermo- 
couples. T o t a l  pressure was measured with  a 2 t o  3 percent  profilej 
therefore, Mach  number and s ta t ic   pressure would a lso  be  constant, as- 
suming a value of y varying  with  the  temperature  profile. 

2. Conditions at the  nozzle throat  were the same as those at the 
thermocouple plane 1/4 inch downstream. 

3. Each thermocouple measured an area  equal t o  A,&. This assump- 
t ion was checked  by  measuring equal  temperature areas of prof i les  as i n  
figure 8, mass-weighting these  areas, and calculating a combustion e f f i -  
ciency; the  prof i le  method agreed  with  the  equal-area method. 

A mass-weighted temperature w a s  then  defined as 

where w is the  actual weight flow through an area d N ,  whose temper- 
ature i s  the  corrected thermocouple  temperature Tt. The average  flow 
through AJN area was  WJN. substituting  the  continuity  equation fo r  
the weight flows gave 

The values of  Tt n, rn, and R, were bulk values evaluated f r o m  heat- 
balance combustion efficiencies; y and R were evaluated from the  in- 
dividual  corrected thermocouple reading Tt. M was evaluated from a 
measured total-to-static  pressure  ratio  at   the  nozzle exit. The accu- 
racy of M was of little importance in  the  equation. An arithmetical 
average was taken of the T values, and t h i s  average mass-weighted 
temperature was used  with  figure 10 t o  determine the  enthalpy rise of 
the  exhaust  products. 

, 

t, w 

Conibustion efficiency m s  defined  as 

51,571 - J. 

W a  
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Total-pressure combustion efficiency. - The continuity  equation w a s  
written for the convergent-nozzle exit using  total  temperature.  total 
pressure, and a flow &ea coefficient. 

If the   ra t io  of the w a l l  s t a t i c  pressure, measured 1 inch downstream 
of  the  nozzle, t o  t h e  average total   pressure measured by the  rake was 
more than  the  critical  pressure  ratio,  the  nozzle was assumed choked. 
The value of  y varied from 1.40 t o  1.25 depending on the temperature 
and gas  composition at the  nozzle exit. A value of 0.98 w a s  chosen for  
cF from reference 4 because the  nozzle  could  not be calibrated  with 
cold  flow owing to  the  l imited  exhaust  facil i t ies.  The measured nozzle 
area of 101.4 square  inches was reduced by 2.8 square  inches to   correct  
for   the blockage of the  pressure rake. Substituting  these  valuea gave 
the following equation 

As the  pressure rake was designed  with  probes in  centers of  equal 
areas, an arithmetical  average of the  rake w a s  used f o r  By as- 
suming 100-percent combustion efficiency, ideal values  of y, and % 
were dependent o n l y  upon equivalence  ratio. 

The value Tt,n vas then  used with figure 10 to  obtain  the  enthalpy 
r i s e  of the exhaust products and, thus,  the conibustion efficiency. 

REFERENCES 

1. Olson, W & e r  T., and Gibbons, Louis C.: Status of Combustion Re- 
search on High-Energy Fuels fo r  Ram Jets. NACA €24 E5lD23, 1951. 

2. Silverstein, Abe, and H a l l ,  Eldon W. : Liquid Eydrogen aa a Jet   Fuel 
f o r  High-Altitude  Aircraft. NACA RM E55C28a, 1955. 



I 

3. Cervenka, A. J., and Miller, R. C. : Effect of Inlet Air Parameters 
on Conbustion Limit and Flame Length in 8-Inch-Diameter Ram-Jet 
Combustion Chamber. NACA RM E8C09, 1948. 

4. Krull, H. George, and Steffen,  Fred W. : Performance Chmacteristics 
of One Convergent  and Three  Convergent-Divergent  Nozzles. EEACA RM 
E52HI-2, 1952. 

CI) 
w 5. Scadron, Marvin D:, Warshawsky, Isidore, and  Gettleman, Clarence C. : 

K Thermocouples fo r  Jet-Engine Gas Temperature Measurement. Roc .  
Instr. SOC. Am., Paper No. 52-12-3, vol. 7, 1952, pp. 142-148. 



Exhaust 
-nozzle 
pressur 
r a t i o  

Conibus t ion 
efficiency 

mdro- Equiva- 
gen lence 
weight r a t i o  

lb/hr 
flow, 

Combustor length 
from fue l   in jec tors  

spray 

couplee 

Pressure, Tempera- Ve- 
in. Hg abs ture, loci ty ,  

QF f t /sec 
Beat TOtal Bare- 
bal- pres- wire 
ance m e  thermo- 

coupler 

R u n  I: .5 nozzle, no flameholder 

232 246  1.51 51.1  53.5 
232 237  1.55 51.9 58.0 
233 223  1.57 59.9 67.3 
233 209 1.61 71.3  77.5 
233 200 1.60 73.2 - 74.7 
234 192 1.63 77.9 79.0 
234 17 7 1.76 85.2 
234. .. . 170 1.81 89.2 
234 - L53 1.87 92.6 
237 134  2.06 95.4 
234 125  2.16 95.1 102.4 

Configuration A, 

0.150 22.7 
.181 23.6 
.219 25.2 
.257 26.8 
.2m 28.0 
.3ll 29.2 
.346 31.8 
.395 33.1 
.539 36.8 
.685 42.2 
.827 455.0 

239 
288 
2 50 
4ll 
462 
497 
555 
633 
862 - 
1095 
1322 

26 

i 

4 

Configuration A, 0.5 nozzle; no flameholder Run 2: 
I 

236 
288 
350 
394 
450 
546 
640 
754 
947 
107 6 
1336 
1626 

r- 90.2 

6& 317 
640 304 
640 293 
639 2 85 
639 ' 27.3 
639 2 58 
641 246 
642 232 
644 217 
643 2 03 
645 192 
643 184 

1.85 
1.92 
1.92 
1.94 
1.95 
1.97 
1.98 
1.97 
2.00 
2.07 
2.10 
2.02 

0.228 
.260 
.299 
.324 
.360 
.4l6 . 
-473 
.543 
.662 
.740 
.907 
1.060 

28..8 
29.9 
31.0 
32.0 
33.1 
35.4 
37.3 
39.4 
42.3 
44.3 
47.2 
50.5 

28 

I 

86.8 

87.1 
95.3 

91.9 
95.9 
94.8 
90.1 

87.0 

Configuration B, 0.5 nozzle, no flameholder Run 3:  

2 60 
339 

513 
624 
706 
836 
948 

n o 1  
12 66 
157 6 
1569 

395 

88.5 
82.1 
88.5 
89.4 

1.61 
1.67 
1.81 
1.96.: 
2.05 
2.12 
2.22 
2.18: 
2.28. 
2.42 
1.97 
1.78 

2 02 
194 
180 
164 
154 
146 
138 
131 
125 
117 
U1 
llz 

4 ll9 
120 
121 
I20 
120 
120 - 
121 
122 
123 
124 
122 
122 

36 

1 

I. 143 

.243 

.342 

.387 

.459 

.521 

.605 

.700 

.864 

.860 

.la5 
-280 

36.7 .. 

41.0 
43.1 
45.7 
48.4 
48.2 87.7 

" 
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Combustor length 
from f u e l   i n j e c t o r s  

. . . , . - 

8 Pray 
nozzles  rake and 

couples 

Equiva- 
lence 
r a t i o  

nozzle  efficiency 
Pressure, Tempera- Ve- pressure 
in. Hg abs ture, loci ty ,  r a t i o  Heat Total 

OF ft/sec bal- pres- 
. ance s u r e  

Bare 
wire 
t h m O -  
c ouplee 

Configuration B, 0.5  nozzle, no flameholder Bun 4: 
1 

243 
3l.l 
331 
278 
542 
622 
678 
851 

1033 
ll94 
1255 
1547 

92.4 
85.7 
93.7 
91.5 
90.4 

44 36 0. 153 
.I33 - 205 
.297 
.340 
.390 
.425 
.533 
.647 
.748 
.789 
.971 

25.0 
26,3 
27.1 
30.4 
32 -0 
31.9 
33.7 
37.0 
39.7 
42.0 
42.7 
45.7 

232 
237 
233 
232 
234 
234 
234 
234 
235 
236 
238 
236 

1.52 
1.60 
1.64 
1.82 
1.89 
1.90 
1.89 
2.12 
2.19 

80.4 

89.4 
88.3 
87.0 

A 
Run 5: Configuration B, 0.5  nozzle,  no  flameholder 

44 1.64 238 247 23.7 0.107 167 36 
234  .146 

57.0 
24.6 234 

.164 260 
72.0 1.63 229 

83.0 1.85 191 231 29.1 - .260 412 
78.0 1.71 2 07 223 26.8 .E39 319 
91.0 1.65 2 19 228 25.4 

464 .293 30.0 238 186 1.91 
498 .317 

83.5 
30.7  235 180 2.16 85.5 I I 

Run 6: Configuration B, 0.5 nozzle, no flameholder 81 
96.8 

- 
255 
328 
357 
439 
509 
575 
734 
817 
895 
999 
1128 
132 0 I 1 ! I ! 

- 
39.4 
90.5 
90.8 
88.1 
90.9 
91.1 
94.1 
93.6 
94.0 
92.4 
90.2 
96.0 - 

I 

36 

t 

1.243 
.289 
.306 
.358 
.402 
.443 
.542 
.594 
.642 
.708 
.789 
.go9 

650 
651 
652 
651 
651 
651 
651 
653 
654 
654 ' 

654 
651 

320 
307 
303 
286 
275 
264 
243 
237 
231  
224 
217 
2 10 

1.84 
1.93 
1.99 
2.04 
2.10 
2.14 
1.96 
2.02 
2.07 
2.13 
2.20 
2 -28 

34.1 

38.1 
39.1 
40.4 
41.5 



18 NACA RM E55J18 

TA3LE I. - Continued. PERFORMANCE OF HYDFiCGEX M A 16-fmcH- 

DIAMETER RAM-JJTP EZTGIKE 

Combuetor length 
from fue l   in jec tors  

them- ' 
couples 

Elydro- + Equiva- Exhaust- 
gen lence 
weight ratio Pressure, Tempera- 

in. Hg abs ture, 
OF 

nozzle 
preesure 

I 
Run 7: Configuration A, 1.0 nozzle, no flameholder 

28 

794 1.088 22.6 623 195 
707 .960 22.0 621 200 
544 .777  20.1 618 . 218 
449 .659 18.8 619 234 
335 .517 16.7 617 263 
299 .472 15.9 6l5 275 
246  .406 15.4 615 
2L3 ,3s5 14.9 . 616 
181 .325 14.4 618 305 
140 .275 14.1 6lE 
l l 4  .242 13.9 6- 

79 0.198 13.2 628 26 

f 

R u n  8: 

- 2 4 1  
307 
346 
844 
460 
583 
674 
748 
797 
1037 
U99 
1325 

R u n  9: 

26 

ll. 6 
9.1 
6.2 

14.1 

21.6 
18.4 

27.4 
23.9 

30.4 
34.0 I 

config 

0.150 . I91 
.2l3 
.275 
.292 
.349 
.413 
.461 
.494 
.641 
.745 
.803 

lration B, 1.0 nozzle, no flameholder 

19.9 230 283 Eone 
21.1 234 2 67 
21.6 235  2 60 
23.5 233 241 
24.0 230  229 
26.9 230 2 17 
27.9 230  205 
28.8 238 E39 
29.2 237 195 
32.3 236 177 
33.6 239 170 
34.6 239 169 I 

0.062 
.x20 
.154 
.183 
.224 
-263 
.206 
.322 
.355 
-411 

9.2 
9.2 
9.3 
9.7 

10.5 
10.5 
10.9 
11.2 
u.3 
11.4 

2 52 
251  
250 
247 
a28 
2 24 
223 
222 
221 -- 

222 

172 
172 
170 
162 
155 
154 
149 
144 
143 
142 

Conbustion 
efficiency 

. 

Heat Total  Bare- 
bal- pres- vLre 
ance B u r e  therm- 

couplee 

1 
88.4 88.4 
82.7 84.5 
80.8 81.8 
71.9 69.8 
7L.8 73.8 
74.1 73.5 
77.6  79.1 
82.4 
91.5 
94.1 
90.1 
85.4 

"" 

74.2 86.6 
81.6 
84.5 
87.5 
91.0 
91.5 
91.7 
93.0 
09.4 
67.2 

17.1 
26.6 
39.6 
47.5 
5 4 . 4  
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TABIX I. - Conc1ud.d. PHiFORMANCE OF HYDROGEN A 16- INCE- 

DIAMEZZR RAK.JET 

19 

Combustor length 

rake and nozzles 

f l o w ,  To pres- To quench 
weight 
gen from fue l   inJec tors  
Hydro- 

spray ~b/hr sure 

th" 
couples 

Eq" 
lence 
rat i o  Pressure, 

Fn. Hg abs "6 Tempera- Ve- 

nozzle 
pressure 
r a t i o  

I I 

R u n  10: Configuration B, 0.5 nozzle.  flameholder - 

I I I I I 
224 
315 
372 
453 
52 0 
626 
718 
800 
894 

1069 
l l51 
1457 

0.141 
.198 
-233 
.284 
.327 
.394 
.449 
-500 
.559 
.670 
.721 
.913 

24.3 
25.4 
27.1 
29.0 
30.8 
33.0 
35.3 
36.6 
38.3 
40.6 
40.5 
36.2 

232 
236 
236 
2 35 
239 
241 
235 
231 
232 
235 
235 
238 

I I I I 1 

230 
2 21 
2 07 
3.94 
la3 
171 

153 
147 
138 
139 
156 

1-60 

1.57 
1.65 
1.76 
1.98 
2.09 
2.24 
2.36 
2.44 
2.48 
2.59 
2.24 
2.44 

couples 

92.0 

96.9 
89.8 

Run ll: Configuration A, no 1.0 nozzle, no flameholder 

17.7 
19.6 
20.9 
21.4 
22.3 
24.0 

616 
618 
615 
615 
618 
618 
618 
616 
618 
618 
618 
622 

319 
313 
3 00 
2  69 
234 
249 
246 
223 
209 
204 
196 
182 

I 

95. E 

Y 

76.1 
68.9 
76.7 
77.7 

95.6 
98.4 
97.9 
97.7 
96.0 
95.8 
93.4 
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100 

80 

f" 

t! u 
k 

PI 
9) 60 

U- 

O 1 230 246-125 22.7-45.0 
O 2 640 317-184 28-8-50.5 

Method of determining  efficiency: 
Open Symbols. heat balance 
Solid symbols direct  thernmcouple 

I I I I I Tailed symbols total  pressure I 

(a)  Configuration A with 0.5 exhaust nozzle. 

$ loo 
5 

0 u 

ao 

60 
0 3 120 202-111 26-4-48-4 
0 4 230 223-123. 25-0-45.7 
0 5 230 238-180 "- 23.7-30.7 

40 
0 .2 .4  -6 .8 1.0 .1.2 

Equivalence ra t io  

(b) Configuration B w i t h  0.5 exhaust nozzle; combustor length, 44 inches. 

Figure 4, Effect of- inlet-air 'temperature on combustor  performance. 

. 
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temp., velocFty,  pressure,  nozzle ' 
?F ft/sec in. ~g abs 

O 2 640 317-184 28 -8-50-5 
7 640 340-195 13 -2-22.6 

Method of determining  efficiency: 
Open symbols heat balance 
Solid symbols db-ect thermocouple 

100 

80 

- 
I 

P 
8 6 0 . .  

b 
Dl 28 inches. 

V ( a )  Conkustor A with 0.5 and 1.0 exhgust nozzles; combustor length, 

Equivalence r a t i o  

(b) Combustor B with 0.5 and 1.0 exhaust nozzles; combustor length, 
44 inches. 

Figure 5 .  - Effect of pressure on combustor performance. 
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100 

80 

60 

R u n  Inlet Inlet m e t  s t a t i c  
temp., velocity,  pressure, 40 0 

- 
?F f t /sec in. Hg ab8 

e 9 230 172-142 9.2-11.4 - 
0 

- 1  230 246-l25 22.7-45 .O 

20 
e 

0 .2 . 4  .6 .8 1 .o 
Equivalence xatfo 

(e)  Configuration C (1/6-sector of configuration A);  efficiency 
determined from d i rec t  thermocouple meaau??ements. 

Figure 5. -- Concluded. Effect of presaure on combustor performance. 
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t 

0 4 230 223-123 25-0-45.7 
10 230 230-138 24  -3-40.6 

+, a 
0 
0 

PI 
100 

5 
8 

% 
E 
% 

r( 
V 
4 * 80 

rl 

5 

u f 60 
Equivalence r a t i o  

. Figure 6. - Effect of flameholder on performnce  of  configuration B with 
0.5 exhaust nozzle. 

7 640 336-195 13-2-22.6 
0 ll 640 319-182 13.6-24.0 

e 
0 

a 

B 
5 loo 

6 
8 
*I 
0 .r( 5 80 
a 
rl 
0 

4 
t 
0 
0 6 0  

0 .2 .a .6 -8 1 .o 1.2 
Equivalence r a t i o  

Figure 7. - Effect of combustor length on Performance of m n f i w r a t i o n  A -  
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(a) Conffguration A; run 1. Exhaust nozzle, 0.5; combustor inlet  air 
temperature, 230° F; combustor s ta t ic  pressure,  29.2 inches mercury 
absolute;   equivalence  ratio,  0.31. . . . . . . " . 

Figure 8.  - Temperature profiles at exhaust nozzle. 

Profile 
temperatures, 

OF 

2 100 
1800 
1500 
1200 
900 
600 
300 
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(b) Configuration 8; run 5 .  Exhaust nozzle, 0.5; combustor Fnlet air 
temperature, 230° F; combustor statFc pressure, 30.7 inches mercury 
absolute; equivalence ratio,  0.32. 

Figure 8 .  - Continued. Temperature profiles at exhaust nozzle. 

31 
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Prof l le 
temperatures, 

OF 

.- .. . 

( 2 )  Configuration A; run 2 .  Exh~ust   nozzle ,  0.5; combustor i n l e t  alr 
temperature, 640' F; combustor e t a t i c  pressure,  33.1 -inches mercury 
absolute;  equivalence r&lo, 0.276 q-0 .IS83 v i t i a t i o n  ~ c o r r e c t i m . ~  " 

Figure 8. - Concluded. Temperature proflles:.at B a u d  nozzle. 
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